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aiQUtf CS IW n.LDED SHIP Cfr.3IGM APD C^^NSTRTJGTIOW 

Tb« problems In design end construction of ships sre 
eoinewhst different from the problems confronting the designers 
of land structures such as bridges and buildings* Vater-tight- 
nessy smallest possible deadweight tonnage consistent with tlM 
required dimensions, snd extrsma conditions of strsss encount* 
srsd in hogging and sagging in heavy seaways, ara tho outstand- 
ing apeclsl problsms* Since tho introduction of mild steel, in 
lieu of wrought iron, as tho principal material in ship cons- 
truction, the ecsntllngs (sizes of pistes snd frames in ship- 
building) have been reduced snd the designs simplified. In 
general* Rlvotsd construction bad progressed to the limit where 
further simplifications snd reductions In scantlings would im- 
pair the seswertbiness of the vessel* The advent of welding, as 
the method of fabrication, changed tho whole picture and opsned 
up many poasibilitiss for economies in construction as well as 
being the means of approaching the ideal joint* 

It was sssential for ship builders to revise their think- 
ing, sway from tho old conventional methods og shipbuilding, 
whersby each piece of the vessel was assembled on the building 
ways, to the modern concept of final assembly of prefabricated 
units or sections* The recent war, with its unprecedented de- 
mand for ehlps, afforded added impetus to this concept* Some of 
the early experiences of shipyards, accustomed to riveted cone 
struetion, were unfortunate when ttjey attempted all welded const** 
ruction* Warpage, distor%tlon, dimensional instability, and 
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As an aid in visualiziBg the modern eonoept of ship 
construction, the following outline of the procedure used In 
the construction of a typical cargo vessel will be helpful: - 
1« Planninil and design for welded construetien* 

2* Fabrication of plating and fraailng by flame cutting 
and beveling of edges where necessary, (to be done 
in the ehops.) 

5. Construction of eub^assenblios of as large a siss 
as the yard facilities will permit. ( to be dons 
on slabs and under cover, when possible ) 

4. Erection of these sub«sssembllss into ssotions. 

5* Pinal assembly of the sections on the building ways* 

*Aith the above outline in mind, it is possible to Ina- 
gins the desirability of a well-planned sequence of operations 
to ensure a aisoeth flow of csterlals, elimination of useless 
work, and the logical erection of the vessel. A little less ob- 
vious , but perhaps even more important from the standpoint of 
seaworthineas of the completed ship, is the elimination of 
the prevloualy mentioned troubles by proper welding and erectioa 
sequence. It is the purpose of this paper to present a discus- 
sion of the reasoning behind the sequence and to show how It Is 
applied in the yards to build atrsas-fres, dimensionally accur- 
ate, sll-weldod ships. The type of ship discussed will be limited 
to cargo ships, but the principles could be applied to any weld- 
ed vessel. It is desired to point out that an all-welded ship la 
monolithic in character, as contrasted with riveted ships. As a 
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eon*«queno«, «?eldei9 ships srs consldersbly stlffsr^ sn Important 
consideration In aeag'olng qualities* 

Distortion }- 

Distcrtlont the twisting or bonding ef a strueturo out 
of the regular or intended shape, is the greatest obstacle to 
evercoise in welded ship construction* Residual stress, locked- 
in stress, and warping will be essentially eliminated if the 
ship is built with a minimum of distortion* Vhen a ship is weld- 
ed, there is a tendency for the bow and stern to lift off the 
blocks, end for the bilges to rise* There have been some ex- 
treme caeea of this effsct* Distortion also causes poor under- 
water lines, thus seriously sffecting the ship’s handling 
charactsristios • Another bad effect la departure frem the spec- 
ified dimensions of the ship, ie« length and beam* 

The residual stresses resulting from the ship being built 
where distortions are present, or where distortions have been 
forelbly corrected, are often quite high and constitute a aerioua 
pra-loading of joints and structure* 

The prinoipsl cause of distortion is shrinkage due to 
welding, although there are other causes such es:- 
1* storaga and handling distortions* 

8* flame catting nul shrinlcage* 

3* improper fitting. 

4* unequal expanaion due to the aun’s rays or atmospheric 
conditions • 

5* ovar shrinking, (over-correction for distortion)* 
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•elding end erection sequences constitute the proper 
e»sns to correct distortion, although it la peaalble to loake 
force fits, heat to expand a local area and tlien quench, peen- 
Ing, and other even less desirable taethoda* To understand hceir 
distortion comes about, and why sequence is so itsportant In 
sli&lnating It, tlie following section will go Into the effects 
of expansion snd contraction in the welding process* 

Ixpsnsion and Contraction s- 

4hen metals are Iwated they expand and when coaled they 
contract* Hot only the weld metal Itaelf, but also the base na- 
tal, which is being joined, follows this law. An Illustration of 
the teaperatuire gradients te be expected as a bead is laid, fol- 
lows »- 




'•‘Ma illustration is for the case of unsupported plates, but it 
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la aaay to saa what would bw the oaaa If the plates wera raatrain* 
ad d\irlng this heating and cooling pansiaH cycle* The final reault 
would be an owarall contraction In the plana of the plate I>erpen- 
dleular to the baad^ due to the contraction of tlie weld metal, 
whose expansion on heating was resisted by the restrained plates, 
tnua setting up a condition of residual stress, or else result- 
Inc in distortion as a means of rellewlng the stress* The follow- 
inr sketches show the results of unrestrained end restrained 
welding:- 




In case #1, two oembors were welded while both were entirely re- 
etrainod, roaultlng in fracture of the butt weld duo to the wold 
contraction* In case#2, the butt weld held, and then two extra 
iMstbera were welded onto the pieces, ss noted, resulting in frac- 
ture of the butt weld* In case #3, one end was flrw.ly anchorad 
by welding, while the other end was clamped in such a manner as 
to allow some freedom of movement* The butt weld did not ^ail* 

The above rossonint'- leads to a fundamental rule'l Leayt^ 
one end o** a member or etructviro free to contract towarda tlie 
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point ef w«ldlng* Thlg rule must be considered In design end 
planning as well as by the welders and ahlpfltters* 

Warping la primarily caused by the beating effects due 
to welding* When a bead la laid on a flat plate > tbe plate will 
worp as shown below. If It Is noj) restrained or not heavy enough * 
to resist the contraction forces:* 




Another example of warping la that caused in welding a Tee joint: * 




When two plates with an opening between them are welded, the plates 
will draw togatlier as the welding progresses, and the amount will 
depend on tbe speed of welding and on the type of electrodes* Slow 
rate of travel and bars electrodes will cause ••reater drawing 
together* with shielded arc electrodes and very rapid travel, the 
plates nay even separate on welding but will still cone together 
when cooled. The initisl separstioa is caused by less total heat 
Input and the protective coating, over the bead, acting eonaswhat 
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•• an Insulator* If tba seaai is long» taek velds are daairatle te 
•alntaln some degree of correct positioning of the plates* Purtter^ 
If the platoa are beveled for laanual welding, there will be a ten* 
denej for the plates to bend upwards around the weld bead* The 
aaount of this warping is directly dependent on the number of pas- 
ses, which indicates that It is desirable to complete the veld 
with the mlnleium number of passes and the slnltsum amount of veld 
metal* Another frequently encountered case of varpege is when a 
pad is welded to a circular disc* This is illustrated below:- 




If, however, the circular plate had bean clamped or veightad in 
such a 2Bsnnar as to partially rastrain movement In a vartical di- 
ractlon, then the plate would have baan flat when the veld was 
completed* 

The above illustrations of tack welding and clamping give 
a second fundamental rule: tarpage may be prevented through par- 
tial restraint by clamping or weighting the members down* "’his 
rule is particularly applicable to the fabrication of the sub- 
aaaembliea on the flats or slabs, where jigs, doga, and weights 
are available. «Mhen applied to the main erection of large sect ions 
or to the final assembly, tte use of strongbacks, and other means 
of bracing, accomplish ouch the sa-*je result* 
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Tb« use of jlc* other tneami of restrelnlnp warpefe 
will most likely leave large residual etreaees wlthla the fiab- 
rlceiied part. There are three possibilities conoernlna the 
relief of these stresses:- 

a. The part edll warp when removed from the jig* 
b« The weld will orack. 

a. The weld or adjacent plate will yield plastically* 
Residual stresses isay remain in the pert only up to the yield 
point without aomo plaatlc deformation oceurlng* It should be 
noted that with the mild steels ( *20C on the average ) used in 
ship building, unless the restraint is severe, the plate or bead 
will yield plaatlcally to relieve severe residual stress, with- 
out suffering any loss In ultimats strencth upon future reloading. 

It haa been found that reelduel etressos remaining below 
the yield point will not be eppreciebly relieved In service. On 
the other hand, it hee boon doternlned, in general, that residual 
atreesea do not contrlbuts appreciably to the failures of weld- 
ed ahips at see, unless there is e localised bed combination of 
residual strasaes, some form of notch present, and severe load- 
ing. In passing. It might be well to not© that the primary cause 
of the failures of welded ships la brlttloness of the steely In- 
duced by the multi-axial stress system acting at the base of the 
notch. The notch may be one causwd by poor geometrical design of 
the vessel, (square abo^ strake cut-outs, for exampla) or by 
poor workmanship (defects in the wsld or incomplete penetration)* 
The above is aggravated by notch-sensitive steel, eapeelelly at 
low temperatures* 
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PsTflopiwnt of Sequanc* to Control 3hrlnk«^t » 



Slnc« it haa been ehown that the aeijor contribution to 
diatortion la weld ahrinkase, thia aeotion will deal with the 
meana by which ahrlnlcage ia kept under control# The basic ideaa 
of welding sequence will be developed in the diacuaalon. 

The aaount of weld ahrinkage ia governed by aeveral f act- 
ora 

1« The amount of heat that a welder uaea for a given size 
rod and weld. 

The rate of travel along the weld* 

5. The root opening and the weld aize* 

The most efficient we Ida are made by using, (1), aa large a size 
electrode aa poaaible, (2), high current, and (5), fast travel. All 
tlieae factors signify that less shrinkage will be had, due to loss 
heat input into the weld* T^ls method of welding will also reault 
in deeper penetration, with a consequently greater haat penetra- 
tion to tiw reverse aide of the weld, reeulting in less warping, 
duo to the tbemal gradient# It is to be noted that the major 
ahrinkage in manual welding ia at right angles to the direction 
of welding. The ahrinkage, in the direction of welding, is neg- 
ligable* 



Some of the woys in which shrinkage can be controlled or 
counteracted* - 



1# care in fitting. 

2* uae of the wandering procedure of welding 
3. uae of the back step procedure in welding 
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4 * use of pertlel reetralnts* 

6* keeping: the welding evenly belenoed both vertically 
and horizontally* 

6* by varloua poat-veldlng troataMnta, such as peenln^. 
or annealing* 

7. erection by sub-atsembllea • 

Only those ways which relate to sequence will be further diacuased* 

The wandering procedure is the running of short bead in- 
ercaienta at randon throughout the structure* This spreads the 
lieat over the entire structure and lowers the general level of 
heat* It is Interesting to nojf© that there may bo considerable 
rise In the temperature of a atructura and consequent distortion 
if there are too many welders working on it, eapecially in a 
concentrated locality* 

Back-atap prooedura la very effeetive and la illustratad 
by the following aketcht- 




Sote that the directions are reverted to the ceneral direction 
of travel. It is very important to have good fusion with each 
succeeding bead Increment. Another variation of this method is 
the aklp-atep-back weld which ia used to join sections where 
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th* losdlnc Is not or it leal or watortlchtne as la not 

Important. Vote tl» aequenoe of laying the beads* Thia sequence 
may be varied ao«ewbatt- 
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T'he Important Idea ao far noted in regard to sequence, la the 
reduction of weld bead shrinkage effects to reduce distortion* 

The next point ia keeping the welding evenly balanced 
out on either side of a structure when welding. By evenly ba- 
lanced it is taaant using welders on oither side of the struct- 
ure, performing identical operations slmultaniously* This ia 
particularly important In long structures, in which the wander- 
ing sequence may be used, or else the welding should start at 
centar and progress outwards. This will become more apparent 
when applications are dlacusted later on* 

The erection by eub-asaeiobly ia a potent means of co’-j- 
battlri!^ shrinkage troubles* The sub-assemblies are made up of 
pre- fabricated parta, which have already contracted when each 
was welded, and thus their individual contractions will not af- 
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12 - 



th« fsbrloAtlon of tne su'b'-«i8«flibly. Ibia r*-aark oaauaaa tt«at 
•hrinkaga will not ba so treat aa to cause poor fit-up and sub- 
aequent Introduction of high atresses by aaklnij force flta. A 
aiailar situation holds in rajard to tine final asaeubly of the 
sub-assesibllea on the building ways* 

In auaMry, the fundafisentals of welding sequence ere:- 
1« Plan to r<Tduoa the heat input to a minirauat and to 
distribute the heat throughout the atructure, whan 
considered as a whola* This InTolves wandering^ 
skip welding, or beckstep* 

2« Balance out the welding from aide to aide of a 
atructure. 

5* Start welding a atructure, euch as the final erec- 
tion of the sub-aseembllea , from the bottom center 
and work outwards and upwards, leaving the ends 
fi*ee until the last. 

Daaign and Planning for Sepuence i- 

It la a recognised fowt that erection and welding ae- 
quences are not inae arable, and, therefore, in designing and 
planning they should be coordinated. Crafta«aen ahould be fam- 
iliar with proper welding practices as well es structure de- 
sign* To build a sound welded ship, which embodies all the 
advantages of welded construction, the welding and are ct Ion 
sequences must be worked out In detail and presented in a 
logical manner to tlw supervisory force of the shipyard. There 
is no such thinir as too much detail in stalting the sequences * 
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tb« total distortion and residual etresMs in tb« hull are to 
be kept at a minimum* aven with recognised good deai^^n end plan- 
ning, there la an over-ail allo»ence made for shrinkece »bich,ln 
a carg:o vesael, amounta to 1 inch / 100 feet of length and 1 inch 
from the designed molded beam* The deviation from the true mea- 
auraments ia dhaoked from time to tiaM by aurveying, and, if the 
deviation la too large, ateps are isaDed lately to remed.v it* 

A very important point in planning e sequence la to anal- 
yse what Influence marplnga will have on the bull as a whole, and 
then to divide the bull up into bays which ere to be welded in a 
aeqacnce, auch tliat the atreeaea end warping arising will counter- 
act each other. Tiie sequence of welding must also be planned such 
that the membora have fraadom of motion along the deal'mcd lines 
of the ship so as to ainimlae distortions from the desired under- 
water form. Aa an aid to the above, one abipyard hea developed 
the method of making a transparent plastic model of the ship, to 
exact aoala* The model is built up In ttie desired sections end 
aub-assemblies , which can be disassembled for detailed study^ 
later* The model is used for final planning of sequences and 
for instructing the supervisory personnel. Ae a sidelight of this 

of 

model idea, it la possible to very greatly Increaae the^ automatic 
welding possible to perform on the hull, due to the ease with 
which favorable situations for it can be visualised. The same rea- 
aoning applies to the developement of jigs and fixtures allow- 
ing a maximum of down-hand welding. These points add greatly to 
the economy and increase the seaworthiness of the \^e8sel« 
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Appllcttlona of 4»ldlnff and areetlon Sequence t - 

As can b« a«an tv&f tsl» paper* the idea af eeo«jenca £T«» 
up aa a raault of practicAl axparianca and o«plrlcal knovLadga* 
Soon* boaavor, tho aeientlflo raaaonlng of ^Idicir anvln»ara ar- 
rived at the baaie fundamentala provioualy noted. It la of Inter- 
eat to aee how theaa prlnciplea are applied iii one or tas actual 
easee* 



For the flrat case* a aimple aub-osae'nbly of a longitudinal 
Vceel section will be taken. The following aketchaawlll illusT.rate 
the fundaraen^tala as applied to thla type of sub-asseenblyj- 




Back-step all baads. 

1,^ ^1<3 opposite side bractoete aicjultanfeously. 
Tack down aa required. 
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Start welding at earter of kaal aeotion* Held 
fore and aft abort langtlia alternately. Weld 
port and starboard ainmltan’loualy. Da not tack 
down more than one bracket ahead of woldlng. 

TTeld opposite side brackets simultantously. 

Welding of the brackets to bath the vertical end the flat keels 
amst be kept evenly balanced , and the heating of the vertical 
keel must be evenly distributed fro« top to bottom to maintain 
alignment. This latter is done by the uae of back-stop welding. 
Care must be exeroiaed in tacking down too far ahead of the point 
where welding la being done or else warpage will feault, due to 
the uneven diatribution of atreaaea* Despite such care, it is 
often necessary to bow down a keel sub-aeaewbly to offset con- 
traction between top and bottom of the keel esaeably. 

The second example will Illustrate one sequence, in 
which two sections are joined together on the building ways. 

The sequence presented hero la typical of the hull work done 
on tlie building ways. It is to be reiaembered In this case that 
the bulkhead section pictured is the boundary between two pre- 
fabricated hull sections and la tlma in a vertical position, 
which precludes the use of an automatic welding aschine. 



( see next page for sketch.) 
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All the above welding Is to l^e done by the beck-step «etbod and 
by a pair of «aldera« working one on aaoh aide ©f tbo centerline. 
»ote that the sequense ia started at the keel. All tlaa Interior 
Joints are nade prior to welding the sides of tlie ebell. It ia 
important that all the internal welding in each aeotion should 
ba oojtpletad prior to the final assembles 

In the araction and welding of vessels of longitudinal 
construction, rather than the sectional construction notad in 
tilt sacond axampla above, the sequence is aa follows j- 
1. placing and waldlng of tha l?efl asaemblas on 
txhe keal blocks. 



2. erection of tha bottom shell with the butts 
of the plates being welded starting frem 
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amidsbips and working fora and aft, whila the 
the longitudinal seama of the platea are re- 
atrainad from getting out of alignment, by 
use of bolta or spacers. 

S. erection of longitudinals and bulkheads { sub- 
asserabllet )• 

4. erection and welding of the upper shell plat- 
ing and main deck, taking similar precautions 
aa in wald4ng the bottom a he 11. 

5. internal decks are then welded ell around, af- 
ter the shrinkage has taken piece in the ahell* 

It should be pointed out that longltudlnale, including decks, 
ehould never be restrained from contracting by tacking or weld- 
ing them before the full transverse ehrlnkage has taken place. 
Sequence is extremely important in this effect. If t5:Kre Is a 
kaal rise, tbeire is internal or locked-up stress which, if de- 
tected in time, can be corrected by changing the welding ee- 
quence from a atraight aide to aide band type of sequence to 
an angle in relation to the keel, by which le meant that lower 
levels are welded first { in going away from amidships ) which 
will tend to draw the bow or stern down. The above discussion of 
a loncitudinal designed ship applies more to a destroyer type 
vessel, in which the length to beam ratio is large. 

Final Kemorlcs : - 

The importance of welding end erection sequence has been 
discussed with the particular aim of showing the scientific rea- 
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aonlng upon which Its development is based and to present sowe 
Idea of Its application in modern ahlpbuildlng. The principles 
of step-bacic and starting from the center and working outboard, 
are \itilized in the final assembly of the ship, as well as in 
the welding of its components. Without the knowledge of sequence, 
ship construction on seHi-essombly line methods would be out of 
the question. 
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